Sub-surface driveway plants are strong enough to penetrate a macadam surface of thickness 7 -9 cm. The mechanics of how the Taraxacum officinale accomplishes this feat remain a mystery. Using the Maxwell model for pavement yielding over time, data are presented which may shed some light on this phenomenon. The post-buckling behavior of the plant stalk is quantified. Euler bending and buckling theory enables calculation of the cellular stress field, compared to turgor pressure, indicating impending cell buckling. Post-buckling plastic strain of the plant stem is 19%. At the cell wall, the stress concentration factor is 3-times greater than the applied external field, so the cell's internal turgor pressure is overwhelmed by imposed external stress. An Impulse Integral is developed for the surface whereby the product of applied FORCE times TIME is CONSTANT, in order to produce a given amount of surface deflection. Taraxacum officinale stems and leaf stalks are strong enough, in buckling mode, to lift and push apart the fractured macadam crater through which they erupt, but not strong enough to initially crack the surface. The purpose of this work is to determine the mechanisms underlying this unusual plant survival phenomenon, backed by quantified data.
Introduction
This paper deals with the interesting topic of how Taraxacum officinale plants manage to grow through apparently impenetrable materials such as asphalt-macadam, Figure 1 . Commercial products from this plant include latex, and various pharmaceuticals (Kristo et al., 2003) . Studying plant biomechanical properties, it is possible to make some important conclusions about plant and perhaps animal "mechanosensing" at the cellular level, based on the imposed external uni-axial stress field caused by buckling and bending the flower and leaf stems, compared to the cell's turgor pressure (Baskin & Jensen 2013; Dumais 2013) . The fact that a plant can push through a solid surface suggests impressive biomechanical capabilities worthy of study.
Literature Review
Niklas & Paolillo (1998) report measurements of Taraxacum stems under tension, comparable to the compressive experiments reported here. Cao et al. (2015) report that collagen materials grow in response to an increase in hydrostatic pressure. Niklas et al. (2009) discuss the mechanical bending moment of various types of tree leaves, relevant to the "robust" stress-enhanced leaf stems reported here. Ennos et al. (1993; measure the mechanical properties of stems from sedge and sunflowers. Lintilhac (2014) reviews cell growth response to mechanical stress. Greene & Greene (2015 , 2016 report measurements of plant mechanics cracking a macadam surface. They observe that the surface is visco-elastically bent upwards into a dome, then the partially cured macadam cracks, usually into 8 pie-shaped segments, over a circular area approximately 3-inches (7 -9 cm) in diameter. Subsequently the developing Taraxacum stems and leaf stalks lift and push aside the 8 segments. It is likely the Taraxacum tap root is responsible for this initial penetration, constantly pushing upwards, visco-elastically bending the surface upwards, and in some cases cracking the asphalt-macadam. Roots can exert a pressure ahead of the tip, as great as the cell turgor pressure (25 to 80 p.s.i.). De Langre (2012) investigates plant response to wind loads. Silverberg et al. (2012) present experimental and theoretical results on root buckling in plants. Latz et al. (2008) and Kutschera & Niklas (2013) report cell "mechanosensing" in response to external stresses.
Materials & Methods

Bending, Buckling, Post-buckling
The hypothesis is that a slow and steady vertical force will cause bending, yielding, and cracking of the macadam surface over a time scale of 6 months. Thus, experiments presented here are divided into two partsthose on the plants, and those on the driveway surface. The Taraxacum buckling and bending procedures for flower stems and leaf stalks are described in Greene & Greene (2015) . Experimental results for stem and leaf buckling are shown in Figure 2 . The inset schematic in Figure 2 shows buckling of a column of length L with axial force F. The "post-buckling" phase of plant stems is shown in Figure 7 , 8. Buckling and bending experiments on the Taraxacum and Hypochaeris are done in vitro.
Asphalt-macadam Deflection Experiments
The experiments on the driveway material measure the force and integrated pressure required to break the 3-inch thick (7-9 cm) macadam. This is calculated from 2 vertical deflection experiments, Figure 3 , during the month of October 2014, 6 months after the driveway dandelions first appeared in April 2014.
Exp. 1
The load-deflection test is performed on the 8 cm thick partially cured macadam surface, 1 year after the macadam is steam rolled into place in compression, Oct. 2014. In order to determine its properties, a 200 lbf (880 N.) weight is arranged to push downward over a 4 sq. in. area (25 cm^2) measuring 2" x 2" (5 cm x 5 cm) which subsequently results in a 1" (2.5 cm) plastic depression downward, as shown in Fig. 3 . This deflection occurs slowly and steadily over 30 days. The imposed vertical surface pressure is 50 p.s.i. (350 kPa). In engineering terms, this is a normalized plastic strain-rate ε'/σ = (1/σ) [ dε / dt ] = 8% / yr / psi. Exp. 2 -A second similar load-deflection creep rate test is performed, using much greater weights over a larger surface. A 2,000 lbf weight (8,800 N) is loaded over a 5" x 5" (13 cm x 13 cm) area of 25 sq. in. (170 cm^2 
Thickness Variations
The difference between a 2.5" and 3.5" (6 to 9 cm) surface (this degree of variability one locale to the next is typical for a 3" (8 cm) paving) is given by the dimensionless term (do/3")^3 in Eq. 2, showing that the expected deflection can vary by a factor of 0.58 to 1.59 compared to the deflection of a standard 3" (8 cm) driveway surface. Thus, 1/2 inch (1.3 cm) one way or another can make a +/-50% difference in the surface strain-rate. It is important to quantify the surface properties because these are a direct indication of the forces generated by the sub-surface plants.
Results
Taraxacum and Hypochaeris Plants
As shown in Figure1 below, buckling and bending measurements on the flower stalk and leaf stems reveal that a typical 8-leaved 2-stem dandelion plant can vertically lift a total of 3 lbf. (1.4 Kg). A more robust plant, the Hypochaeris, also fractures the surface, with 3 flower stems, capable of lifting overhead a remarkable total of 18 lbf. (8.2 Kg). The displaced 3-inch diameter (7-8 cm) area of macadam weighs approximately 2 to 3 newtons (0.7 to 1.0 lbf) so either plant is strong enough to lift and push aside the macadam segments, but neither is strong enough to visco-elastically bend and then crack the surface in the first place. Only the plant's tap root, essentially a wooden cylinder measuring 1/2-inch to 5/8-inch in diameter (1-2 cm), 3" to 4" long ( 8-10 cm), might puncture the surface. Each year, the tap root survives the Winter, then during the Spring, the perennial dandelion stalks and stems return, radiating from the top of the tap root surface, branching out of the upper 20%-30% of the tap root cylinder.
Thermal Cure Rate
In May of 2014, 21 dandelion plants are observed to penetrate a 3" (8 cm) macadam surface, Figure 1 . At this point in time, the surface is 6-months old. Colleagues in Germany and the U.K. (countries with colder average temperatures) report observing similar sub-surface phenomena, for several different types of plants. Figure 1 below shows the Taraxacum officinale plant, having just penetrated the macadam surface, with the characteristic 8-segment volcano-like crater created by the plant, and the plant's "robust" (un-serrated) vertical leaves. Figure 1 . The plant is strong enough to penetrated a 3-inch (6-8 cm) thickness of macadam. A +2.00 diopt. "portrait lens" is used to photograph the "robust" Taraxacum officinale plant at a distance of 16-inches.
Stem Buckling Load
Experimental results for stem buckling (diamond symbols) are shown in Figure 
Maxwell Strain-rate model
The 2-element viscoelastic Maxwell model used to describe the strain-rate response of partially cured macadam is shown in Figure 4 below. Using this model, only 1-parameter is needed to describe the surface strain-rate, the dashpot viscosity coefficient, with units of [% strain / yr / p.s.i.] Figure 4 . The 2-element viscoelastic Maxwell model is used to describe the strain-rate response of partially-cured macadam. 1-parameter describes the surface strain-rate, the dashpot viscosity coefficient [%/yr/p.s.i.]
Plant Young's Modulus
The Hypochaeris radicata (catsear), a wild dandelion plant with much stronger flower stalks, essentially 3/16" (5 mm) diameter balsa wood dowels, easily manages to penetrate the 8 cm thick macadam surface 
Cellular Transmural Pressure
Stress and Pressure Distribution
Figure 6 below is a polar plot of compressive stress around the cell periphery, showing a maximum of 3x amplification at the equator, and a minimum of -1x at the poles. The stress field is caused by far-field anisotropic forces arising from buckling and bending of the plant stem. The local hydrostatic pressure increase is an average of the 3 principle stresses, causing the cell transmural pressure to reverse sign over some regions of the cell surface. The extent this influences various ion fluxes across the cell membrane is yet to be determined. Cao et al. (2015) report that collagen materials grow in response to an increase in hydrostatic pressure. The +3x stress concentration factor greatly increases the possibility that the cell's turgor pressure will be overwhelmed by the external +1x external uni-axial stress field. Figure 6 . Polar plot of compressive stress around the cell periphery, showing a maximum stress concentration factor of +3x at the equator, and a minimum of -1x at the poles. Stress field is caused by far-field anisotropic forces arising from buckling and bending of the plant stem, Figure 5 . Local hydrostatic pressure increase is an average of the principle stresses, causing the cell's transmural pressure to reverse in some geographical areas. Figure 7 below shows the characteristic S-shaped post-buckling configuration of the Taraxacum flower stalk after penetrating the surface, indicating the stalk was buckled under axial load during growth while penetrating the macadam. Figure 7 . S-shaped "post-buckling" configuration of the Taraxacum flower stalk after clearing the surface indicates the stalk buckled, under axial load during growth, while pushing aside the macadam. This second-order buckling configuration is 4-times stronger than the first-order mode
Stalk Buckling
Stem Post-buckling
Once buckled, the stem remains in the sigmoidal configuration, after the overhead load is removed. Post-buckling plastic strain is estimated at 19%, Figure 7 above, based on radius of curvature and tube outer diameter (Greene, 1985) . The plant cells are embedded in a cellulose matrix, so that when plastic failure of the stem occurs, at the inner radius, the cells are compressed, considerably more than 19%, according to their relative volume fraction in the matrix. By comparison metals and polymers yield plastically at 4% to 10% axial strain.
Enhanced Growth Rates
Figure 8 below shows that during Year II, May of 2015, the Taraxacum returns to last year's craters, considerably more prolific. Figure 8 shows a 15 to 16 stem plant, stemming from last year's tap root at this site, which produced only a 2 stem plant in 2014. Another plant produces 8-9 stems from a tap root which last year had only 3 flowers. Figure 8 . The Taraxacum regrows from last year's craters. Here, a 15 to 16 stalk plant is observed, stemming from last year's tap root at this site, which produced a 2 stem plant the year before. Inset shows wide un-serrated "robust" leaves of the Taraxacum plant in background
Crater Vent Segments
Experimentally, these driveway plants crack a partially cured surface in 0.1 to 0.3 yr., when the plate is bent upwards by just 1/3 of its thickness. During the period Nov.-Dec. 2014, after the first frost, the plants die and wither. Subsequently, the 8 pie-shaped segments of the volcano-like crater fold downward, partially closing the vent. These 8 segments are closed further by winter snow loading.
Robust Plant Development
During the 2nd year, puncturing the surface is mechanically easier for the plant, because the surface was pre-cracked the year before. Like human weight-lifters, it seems that plants "bulk-up" in response to stress, as shown in Figs. 1, 4 , and 8. In particular, the original serrated leaves instead develop a stronger full-leaved configuration under stress, without serrations, Figure 1 and 8.
Discussion
Cell Mechanics
The phenomenon of "mechanosensing", whereby cells and fibers grow preferentially in response to stress, is discussed by Borau et al. (2014) , Coutand et al. (2010), and Reilly & Engler (2010) . In order to meet the weight-lifting challenge posed by the surface, the leaves and stems appear to strengthen their tube walls, to meet the demands of the situation, increasing stem diameter and wall thickness, possibly increasing cell turgidity pressure, perhaps increasing the cell reproduction, (Pickett-Heaps & Klein, 1998; Iddles, 2003) .
Light and Temperature Cues
Buried under the macadam, the plants have no light-cues from above, only temperature-cues, so the plant may be deceived, (because it is warmer under the macadam due to absorbed radiant energy from sunlight and the heat capacity of the surface) that Spring is arriving in February or March, instead of April. This factor gives the plant extra growth time, necessary to visco-elastically buckle the driveway upwards, ultimately cracking the surface.
Stress Concentration Factor
At the cell wall, the compressive stress due to the external field is magnified 3-times, i.e. there is a "stress concentration factor" of 3.0. In practical terms, this means that the measured axial compressive stress in the celluslose matrix of 23 p.s.i. ( at maximum buckling load ) is augmented to 70 p.s.i. at the cell wall, comparable to the 40 -80 p.s.i. internal cellular turgor pressure reported by Schopfer (2006) typical for plant cells. Dumais (2013) discusses the effect of such stress fields on cell deformation. Baskin & Jensen (2013) report the effects of anisotropic stress (i.e. uni-directional stress) on cell growth in stems.
Stem Buckling
It is likely that macroscopic stem-buckling, as shown in Fig. 4 , is simultaneously a direct consequence of microscopic cell buckling, or even cell rupture. Measurements and calculations presented here indicate that the external uni-axial stress field, imposed during the post-buckling phase, is sufficient to overwhelm the cell's internal turgor pressure, reversing the cell membrane transmural pressure, causing impending cellular buckling. The post-buckling stem configuration indicates that irreversible compression has done damage to the plant tube wall. The post-buckling plastic strain is estimated at 19%, an average value throughout the cellulose matrix, probably much greater locally at the cellular level, after compensating for matrix stiffness effects, (Kutschera & Niklas, 2013) .
Mechanosensing
The physical stress, an anisotropic (one dimensional) stress field, imposed on the tube wall is significant. 
Plant-cell Turgor
Internal cell pressure (turgor) for plants is generally higher, in the range 300 -600 k Pa (40 to 80 p.s.i.), Schopfer (2006) . This remarkable plant wall stress level, caused by the overhead loading, is unusual. Internal stress at peak buckling load is calculated as s > 1.4 M Pa, more than 10 atmospheres (Hypochaeris).
Compressive wall stress can be greater than the cell turgor pressure, typically 100 to 200 kPa (15 to 30 p.s.i.) for animal cells; Schopfer (2006) reports 300 -600 kPa ( 40 to 80 p.s.i.) for peas; Kutschera & Niklas (2013) report 500 kPa (70 p.s.i.) for sunflowers. This level of stress will compress the plant cells longitudinally, Figure 5 , 6.
Cell Compression
According to our measurements, the axial tube-wall stresses caused by bending and flexing during buckling are comparable to cell turgor pressure. This is particularly important, after compensating for the 3-fold stress concentration factor at the cell wall. In other words, the environment can, on occasion, "put the squeeze" on the cells, causing the cell transmural pressure to reverse sign regionally over the surface of the cell, as shown in Figure 6 , overwhelming the cell walls with external compressive stress greater than their turgor pressure. Dumais (2013) discusses the effect of such stress fields on cell deformation. Baskin & Jensen (2013) report the effects of anisotropic stress (i.e. uni-directional) on cell growth in stems.
Transmural Pressure
Local hydrostatic pressure, external to the cell, is the average of the 3 orthogonal stresses. Cao et al. (2015) measure collagen materials growing in response to an increase in hydrostatic pressure. Linilhac (2014) discusses the mechanics of cell growth and mechanosensing. The extent to which the local reversal of transmural-pressure influences differential ion fluxes across the cell membrane is fundamentally important.
Driveway Surface Mechanics
Most plants, even the remarkably strong Hypochaeris (Greene, 2016) , simply cannot, on their own, produce enough vertical force to crack the 3-inch surface, so other factors must come into play during the winter months. Reasonable possibilities include frost heave of the surface, thermal expansion during the day from sunlight, thermal cycling (freezing and thawing) during the 24-hour day, and impending vertical buckling of the surface, due to accumulated in-plane compressive stress. Highways are known to buckle as a result of thermal expansion effects, so this phenomenon has some precedence in the literature.
Conclusions
Maximum Vertical Plant Force
Some driveway plants, during the growth phase, are remarkably strong, and this effect, coupled with the weaker than expected viscoelastic properties of a partially cured surface, may partially explain the ability of some plants to penetrate the driveway surfacing. Initial measurements suggested only a matter of grams (or ounces) as the vertical force generated by the plant, but experimental measurements presented here show the plants are capable of kilograms (or several pounds) of vertical force. Likewise, during steam rolling, the vertical surface forces were a matter of tons (or metric tons), but as measured here, just several kilograms (or tens of pounds) are required to fracture the surface, including the sustained time element.
Required Rupture Force
According to measurements reported here, there is a factor of 10x discrepancy, i.e. a shortfall, between what the plant is capable of, and what is required to rupture the surface. Thus, it is important to quantify, to calibrate, the surface, because it is basically the "force-platform" against which the sub-surface plant pushes.
Maxwell Strain-rate (Creep-rate)
The prime result of the Maxwell dashpot model, Figure 4 , and mechanical measurements of the driveway surface, is that 3 lbf. (1.4 Kg) of vertical force (available from one Taraxacum plant, as measured) over a time scale of 10-months will produce the same plastic deflection as 30 lbf. (14 Kg) (available from 3 Hypochaeris stems as measured) exerted over 1-month, approximately 1/8-inch (3 mm). On a timescale of 24 hours, for this particular surface, approximately 1,000 lbf (454 Kg) is required to deflect the surface by 1/8-inch.
Force-time Impulse Integral
From these measurements, a useful "Impulse Integral" results, namely, that the product of applied FORCE times TIME is CONSTANT, (other things being equal, temperature, surface properties, etc.) in order to produce a given amount of surface deflection. McMahon & Greene (1979) measure elastic surface stiffness, the compliance element in Figure 4 , of various surfaces (athletic and otherwise), reporting values in the range 50,000 lbf/ft. to 100,000 lbf/ft. (670 kN/m to 1,400 kN/m). The Maxwell strain-rate constant and creep hardening rates will vary according to regional temperature throughout the year. The sustained time element may be the key to explaining this unique plant survival phenomenon.
How exactly the Taraxacum plant manages to accomplish its escape, buried under 3" (8 cm) of macadam, is still unknown. So, the secrets of these remarkably strong plants remain a mystery for the time being.
